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1. INTRODUCTION

Although there is substantial interest in III-V semi-
conductor alloys for electronic and optoelectronic devices,
relatively little is known about the distribution of atoms
in these materials or the effects of non-random distributions
on device performance. In many of these alloys, however,
non-random distributions of atoms are expected to be important
from thermodynamic considerations. This is particularly true
at the low temperatures commonly used for epitaxial growth.
The available evidence suggests that short-range clustering
of like atoms or short-range ordering of unlike atoms can
produce device problems such as excess noise and leakage
current, premature voltage breakdown, and lower carrier
mobilities. Long-range ordering of unlike atoms, however,
could potentially yield III-V ternary compounds with proper-
ties superior to their parent alloys. In epitaxial growth,
substrate effects such as lattice match and nonequivalent
sublattice sites are expected to have a strong influence on
these phenomena. Also, two of the important III-V alloys,
GaxInl-xP and GaxInl_xAs, can be epitaxially grown lattice
matched to GaAs and InP, respectively, at compositions near
the point of greatest ordering probability. The objective
of this work is to investigate various aspects of clustering

and ordering in these materials.
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2, CLUSTERING AND ORDERING PHENOMENA

This section is directed at elucidating the growth
conditions for these two electronically useful alloys that
will prevent clustering, and at attempting to identify
factors that would favor the growth of ordered material.

2.1 THERMODYNAMIC ASPECTS

As indicated above the alloys chosen for this study,
GaxInl-xP and GayInl_yAs, can be grown lattice-matched at
compositions near x>y = 0.5 on GaAs and InP substrates
respectively, but it still is not known with certainty
whether they are actually thermodynamically stable at the
growth temperature. A recent analysis [1] concludes that
both alloys should exhibit miscibility gaps, with critical
temperatures, To, of 973K and 735K for the phosphide and
arsenide, respectively. This contradicts an earlier calcu-
lation by the same author [2] which results in a negative
value for the heat of mixing of GaO.SInO.SP and so would pre-
dict a transition to long range order, albeit with a lower
critical temperature. Both these results, which are quite
representative of the current state of the theory, are based
on the measured compositional dependence of bandgaps and
bandwidths, and on the presumed relation between these quan-
tities and the energy of formation of the compound; and they
are equally reliable. Which is only to say that theory is

not an infallible guide in these problems.
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A heartening contrast is furnished by some quite unam-
biguous experimental findings that are germane to this work.
The first is the phenomenon of "lattice latching” (3], which
constrains the epitaxial growth of an alloy to the composi-
tion which lattice-matches the substrate, near x=y=0.5 in
the systems we are studying. Specifically, the lattice-
matched, unstrained alloy grows not only from a melt of the
exactly correct liquidus composition, but from a range of
values around this composition. The interpretation of this
phenomenon in terms of mismatch strain energy is quanti-
tatively successful [3]. If this energy is included in the
free energy of the solution, the thermodynamic analysis
predicts that the epitaxial lattice-matched alloys are
stable at all temperatures, even with the largest likely
positive values of the heat of mixing.

Even if the alloys are stable, they will exhibit tempera-
ture dependent clustering. A recently published calculation
of the equilibrium degree of clustering to be expected {41},
does not include the strain energy. Since clustering is
accompanied by local density fluctuations and by the strains
that result from them, we think that a calculation that
omits the strain energy must overestimate the degree of
clustering. We have initiated an improved calculation
which includes this correction. Such a theory will apply
to bulk growth as well as to epitaxy and will be discussed

in a future report.
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A second experimental finding alluded to above is an
extended x-ray absorption fine structure (EXAFS) study of
the composition dependence of the anion-cation distances
in Ga,In, . As [5]. Since the ionic radii of Ga and In
differ by nearly 15%, the lattice parameter is strongly
(linearly) dependent on x, changing by 9.3% between the
binary end points. Over the same range of composition,
however, the anion-cation distances only change by approxi-
mately 1.6%. The local structure of tetrahedra consisting
of 2 Ga and 2 In atoms surrounding an As atom is very similar
to the ionic arrangement in the ordered chalcopyrite struc-
ture, and the ionic positions in general are significantly
displaced from the sphalerite virtual crystal. Specifically,
the lines corresponding to second-neighbor Ga-Ga and In-In
distances are broadened, and that of the second-neighbor
As-As distance is bimodal.

The implications of these results for our work are
twofold. First, they tend to reduce further such confidence
as can be placed in calculations of thermodynamic guantities
based on the virtual crystal approximation and on the compo-
sition dependence of the lattice parameter [l]. At the same
time, they raise the speculative possibility that equilibrium
epitaxy of an ordered phase may be possible even if the
enthalpy of mixing is positive.

The reasoning in support of this statement is as follows:

Because of the scatter of cation second nearest neighbor
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distances and the two values of anion second nearest neighbor
distances in the disordered solid solution, the band energies
cannot all reach their minimum values. Therefore, even if

1 . .
€gaIn = 3 (QGaGa + €1n1n) > 0 (where €ap are the interaction

energies) for the virtual crystal, this may have little bear-
ing on either the disordered solid solution or on a hypo-
thetical ordered phase, and the uniqueness of the bond
distances and energies of an ordered phase may make up for
the loss of statistical weight. Moreover, even if the or-
dered phase is thermodynamically unstable, it will still have
a minimum energy configuration which almost certainly will
be distorted from the random alloy in symmetry or size or both.

This would offer the possibility of stabilizing an ordered
compound by growing on a substrate lattice-matched to the
compound but not the so0lid solution. The substrate would of
course be lattice-matched to a different composition of the
alloy, with x ¥ 0.5, but the growth of the alloy could be
prevented by control of the melt.
2.2 KINETIC ASPECTS

If long range ordering cannot be made thermodynamically
stable, it may still be possible to obtain a degree of order
by kinetic effects at the growth surface which are then fro-
zen into the growing crystal.

To achieve such effects, it is necessary to "persuade"

each cation species to attach preferentially at one half of
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the surface cation sites. This might happen because lattice
sites which are equivalent in the bulk may become differenti-
ated in the reduced symmetry of the surface (an obvious

crude example of such site differentiation occurs at a growth
step). If a growth surface can be found on the sphalerite
substrate which separates the surface cation lattice sites
into two sublattices that are physically differentiated,

then the difference of ionic size and electronegativity be
tween Ga and In may result in a difference in attachment
probability. A similar site-preference problem which arises
in the growth of a tetrahedral binary compound on an ele-
mental substrate has recently been addressed [6].

In the sphalerite structure, the two lowest-index sur-
faces on which the fcc ionic lattices divide into two non-
equivalent sublattices, are {210} and {211l}. 1In Figure 2.1
we illustrate the principle with a (110) projection of a
(I12) surface. The rows of ions that form the surface are
drawn with full lines, while the sites where ions are to
attach next are shown dashed. The cation sites to be filled
next are labeled Cl and C2. The corresponding sites in the
interior of the crystal are equivalent, and these sites
will become equivalent once the surface has been covered by
the new growth. It is apparent, however, that the micro-~
scopic topography at sites Cl and C2 is quite different at

the point of ionic attachment. It would not be surprising
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if attachment preferences were to be found from a melt
containing two species of cation.

An important point to be noted here, to which we shall
return presently, is the following: For a given growth sur-
face, such as the (I1I2) shown in Figure 2.1, the surface
sublattices do not lose their identity in the course of the
growth. In other words, the new non-equivalent sites on
the newly formed surface divide into sublattices coherently,
in the same way as the underlying atomic plane. Thus, in
the extreme case of a growth in which the site preference
is complete (in our example, all A cations choosing Cl sites,
all B cations choosing C2 sites), the resulting crystal would
be fully ordered. Moreover, growth from different nuclei
could coalesce coherently, without antiphase boundaries.

If the site preference is partial, the ordering may be ex-
pected to be partial, but it will nevertheless be long
range, with the Bragg-Williams order parameter linearly
dependent on the degree of site preference.

The arguments advanced here apply equally to the
epitaxy of a ternary compound on a binary substrate, in the
sense that a growth face with appropriately lowered symmetry
should prevent the occurrence of antiphase boundaries and
impose uniqueness of orientation. This view is supported
by results on the epitaxy of the chalcopyrite ZnSnP, on

{211} GaAs [7] discussed in Section 3.




- [l

-9

We have tacitly assumed in this discussion that the
geometry of the exposed growth face is similar to the
geometry of the corresponding atomic plane in the interior
of the crystal, that is to say, we have neglected surface
reconstruction. This assumption is more likely to be a
good approximation for a {211} face than for {210}. It
has been shown [8] that atomic (hkl) planes for which it is
possible to have h#kt*l =0 are neutral (contain equal numbers
of anions and cations). If this condition cannot be met,
the atomic planes are necessarily charged, giving rise to
very large electric fields that must deform the surface.

It has been proposed {9] that the distortion associated
with surface reconstruction, and the resulting lowering of
the surface symmetry, may be.effective in producing ionic
site preferences. The idea was supported [9] by favorable
results on binary heteropolar epitaxy on an elemental sub-
strate, GaAs on {110} Ge. The {110} Ge surface is thought
to relax in a manner which breaks the inversion symmetry
and results in some degree of charge transfer between adja-
cent surface atoms, yielding a strong attachment discrimina-
tion between anions and cations. This idea is very plausible
and attractive. A possible generalization, in the form
of a (2x1) reconstruction of a sphalerite surface, might
be applicable to our objective, with some reservations.

The first of these, which applies to the growth of a stable

s e

F.
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compound as well as to the ordering of an alloy by site
preference, concerns the size of a reconstruction domain.
Unless the domains are fairly large, the epitaxy will have
many antiphase boundaries, a point recognized by Kroemer

et al [9]. The other difficulty arises only in the growth
of an alloy. The propagation of a growth step is known to
affect surface reconstruction, and it may well be sufficient
to wipe out any site preference. Accordingly we are con-
centrating on site preferences on surfaces with intrinsically
broken symmetry, such as {211}, as described earlier.
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3. ZnSnP2> EPITAXY ON GaAs SUBSTRATES

To examine some of the concepts discussed in Section 2
we have chosen to study chalcopyrite-on-sphalerite growth.
ZnSnP, is an interesting compound for the study of chalco-
pyrite-on-sphalerite epitaxy due to its lack of tetragonal
compression and its close lattice match with the sphalerite
GaAs. Such heteroepitaxial systems are also of interest
as a potential means of producing high quality chalcopyrite
semiconductors and novel heterostructures.

As in sphalerite-on-diamond structure growth [1,2]
there are certain difficulties in this heterocepitaxy due to
the additional ordering required by the epitaxial material:
The idealized GaAs substrate presents a uniform Ga cation
sublattice in contrast to the well ordered Zn-Sn cation
sublattice of the ZnSnP,. To achieve high quality epitaxy
we require that certain Ga sites of the interface be occupied
by Zn and the others by Sn to mimic the chalcopyrite struc-
ture over the entire growth surface. If this preferential
site allocation does not occur, or if it does not mimic the
chalcopyrite structure, then the epitaxy will exhibit crys-
talline defects, such as antiphase domain boundaries, and
degraded electrical performance.

We have previously observed these defects in ZnSnP,
grown on {110} and {111} oriented GaAs [3].

In this report we present the results of ZnSnP, growth

experiments performed using {100}, misoriented {110},

:=-i----------IIIIII---...-.-..-
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and {211} oriented GaAs substrates. These experiments
were pursued to determine whether any of these surfaces
exhibit the desired preferential site allocation in the
context of our growth system. Such allocation may be
promoted, for example, by surface reconstruction with
charge redistribution or by non-equivalent cation sites
in unreconstructed surfaces.

3.1 GROWTH PROCEDURE

The growth procedure used for these experiments was
developed and refined during experiments on {110} oriented
growth. The details of this procedure are given in [3].

The growth solutions were composed of Zn, Sn, and SnP3
synthesized in a sealed tube process with a 1.20% equiva-
lent ZnSan concentration in Sn. This provided slightly
supersaturated solutions at the homogenization and initial
growth temperature of 570.0 :1.o°c, and maintained melt
saturation during the two hour homogenization period.
Growth was initiated by sliding the solution over the sub-
strate and cooling the system linearly at 3.5 -4.5°C/hr
for 5-16 hours. These conditions produced the optimum
growth for all orientations discussed.

The {100} and {211} oriented substrates were prepared
as follows: Each as-received wafer was lapped and chemical-
mechanical polished using a 4% Br-CH 30H solution so both
surfaces were uniform and free of gross damage. Such

damage was usually evident after a 20 second etch in the
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Br—CH3OH solution. After scribing and breaking each wafer
into substrates of the proper dimensions for the LPE boat
the substrates were cleaned in boiling trichloroethylene,
acetone, and methyl alcohol. Each substrate was etched
for 2 minutes in a 10:1:1 HZSO4:H202:H20 solution 10 minutes
after initial mixing and rinsed thoroughly in DI H20 just
prior to loading.

The misoriented {110} substrates were prepared indi-
vidually after scribing and breaking the wafers into the
proper sized pieces. Each substrate was mounted on a 2°
angle lapping block and lapped and polished as above. The
substrate was then remounted face down on a 0° lapping
block and the lapping and polishing procedure was repeated.
The resultant substrates had parallel polished faces at
an angle of 2.0 +0.2° from the initial {110} surfaces.
These substrates were subsequently cleaned and etched as
outlined above.

In this work the misorientation in two orthogonal
direction was examined: misorientation towards a perpen-
dicular <110> direction and towards a perpendicular <001l>
direction. The direction of misorientation was determined
from the perpendicular cleavage planes of the wafers:
those misoriented towards a perpendicular cleavage plane
are misoriented towards a perpendicular <110> direction;

those misoriented along a perpendicular cleavage plane
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are misoriented towards a perpendicular <001> direction.
For brevity these orientations will be denoted as the
{110}/<110> and {110}/<001> orientations, respectively.
3.2 1LAYER MORPHOLOGY

Typical layers grown using these growth procedures are
shown in Figures 3.1 to 3.4. 2nSnP, growth on {100} orien-
ted GaAs showed no improvement over our initial growth ex-
periments. These layers had smooth interfaces but rough
surfaces containing numerous pits which often extended to the
interface. This morphology is reminiscent of lattice
matched 2Zn,Cd, . SnP, (x=.125) growth on {100} oriented
InP [4]. Because of the gross pitting these layers were
not examined further. Growth on the {100} orientation is
of interest since most chalcopyrite-on-sphalerite epitaxy
is performed using this orientation.

Typical 2ZnSnP, growth on the {110}/<001> orientation
is shown in Figure 3.1. These layers are 5-7um thick for
a 16 hour growth time with very smooth interfaces and
moderately smooth surfaces exhibiting some faceting. This
growth is quite similar to that achieved on the nominal
{110} orientation with the exception of the increased
faceting.

Growth on the {110}/<110> orientation showed marked
improvement over growth on the {110} and {110}/<001>

orientations. A typical ZnSnP, layer grown on this
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S50um

20um

Figure 3.1 Surface and cross-sectional views
of ZnSnP2 grown on GCaAs misoriented
2° off the {110} towards a perpen-
dicular <100>,
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orientation is shown in Figure 3.2. These layers are
20-25um thick for a 16 hour growth time with smooth inter-
faces and surfaces. This growth exhibits much less surface
faceting than {110} and {110}/<001> growth.

ZnSnP, layers grown on {211}As and {211}Ga oriented
GaAs are shown in Figures 3.3 and 3.4, respectively. Growth
on the {211}As orientation is 20-25um thick for a 16 hour
growth time with smooth interfaces and fairly smooth sur-
faces containing some growth facets. The {211}Ga orienta-
tion growth is similarly 20-25um thick for a 16 hour growth
time with smooth interfaces and surfaces exhibiting minimal
faceting. It is interesting to note that the cross-sectional
view of Figure 3.4 shows no rippling observed in the other
cross sectional view suggesting this growth has improved
crystallinity. While this growth is the most sensitive to
changes in the growth conditions, it can be reproducibly
obtained.
3.3 TETRAGONAL AXIS ORIENTATION

To examine the structure of the epitaxial ZnSnP2 and
determine the relative orientations of the tetragonal axis
of the chalcopyrite layer with respect to the cubic axes
of the sphalerite substrate, back reflection Laue photo-
graphs were taken. A determination of the tetragonal axis
orientation relative to the cubic axes is fundamental to
this work since the existence of only one relative orienta-

tion is a necessary (but not sufficient) condition for
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- 50um

20um

Figure 3.2 Surface and cross-sectional views
of ZnSnP, grown on GaAs misoriented
2° off tﬁe {110} towards a perpen-
dicular <110>,
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- 50um

20um

Figure 3.3 Surface and cross-sectional views
of ZnSnP; grown on {211}As GaAs.
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50um

- 50um

Figure 3.4 Surface and cross-sectional views
of ZnSnP, grown on {211}Ga Gaas.




-20~

defect-free growth. The technique used was adapted from
our previous observations of allowed reflections from the
chalcopyrite structure for {110} oriented growth [3].

The experimental arrangement for the photographs is
illustrated schematically in Figure 3.5. 1In all Laue photo-
graphs the heterostructures were oriented so the Cu x-rays
were incident along one of the <110> directions of the
substrate. If the epitaxy is oriented so that this cor-
responds to a <021> chalcopyrite direction, then four addi-
tional diffracted spots - the 259, 167, 259, and 167
diffractions - will be evident in the photographs.

It can be seen from Figure 3.5 that the particular
orientation shown will produce these four additional spots
on one side of the photograph. If the chalcopyrite were
oriented with its tetragonal axis along the [010] axis of
Figure 3.5 then the reflections would be observed on the
other side of the film. Thus, with one such Laue photo-
graph we observed whether two of the three possible rela-
tive orientations of the tetragonal axis (c-axis) are
present in the epitaxy. The third possible relative ori-
entation of the c-axis can be observed by using a different
<110> direction as the primary direction. For the case of
Figure 3.5 one could observe chalcopyrite growth oriented
with the tetragonal axis along the [100] axis in Laue
photographs made using the [110] or [10l1] direction as the

primary direction.




[100]

Figure 3.5 Schematic of allowed chalcopyrite
reflections.

e
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Some typical Laue photographs are shown in Figures
3.6, 3.7, and 3.8, Figure 3.6 is a photograph taken of a
layer grown on (112) oriented GaAs with the [101] direction
as the primary direction. This photograph clearly shows
the four asymmetric chalcopyrite spots observed when only
one relative orientation is present. Figure 3.7 is a photo-
graph of a layer grown on {110}/<110> oriented GaAs. The
primary direction for this photograph was the [110] axis
2° off the surface normal. This photograph contains four
high intensity chalcopyrite spots associated with one rela-
tive orientation as well as four low intensity chalcopyrite
spots (opposite the former spots) associated with a less
abundant second relative orientation of the c-axis.

Figure 3.8 is a photograph of a layer grown on nominal
{110} oriented GaAs which reveals eight uniform chalcopy-
rite spots. This photograph was taken with the surface
normal as the primary direction and indicates that this
epitaxy contains equal amounts of two relative orientations
of the c-~axis.

The relative orientations observed for ZnSnP, grown on
the various GaAs substrates are illustrated schematically
in Figures 3.9 to 3.12, In these figures the shaded planes
indicate the growth surfaces and the arrows along the
principal axes of the cubic sphalerite structure indicate

the relative abundance of the three possible chalcopyrite
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[021]

[100]

Figure 3.6 TLaue photograph of 2nSnp
grown on (112)GaAs with
primary x-ray beam in
(101] direction.

2




-24-

[o21]

[100]

Figure 3.7 Laue photograph of ZnSnP, grown
on {110}/<110> GaAs with primary
x-ray beam in [110] direction
2° off the surface normal.
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[021]

Figure 3.8 Laue photograph of ZnSnP, grown
on nominal {110} GaAs with primary
x~ray beam along surface normal.
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orientations. The arrows are denoted [001]c to indicate
the chalcopyrite tetragonal axis. The lengths of the arrows
illustrate the relative abundance of each orientation.

Figure 3.9 illustrates the relative orientations ob-
served previously in {110} orientation growth [3]. In such
growth the epitaxy contained equal amounts of material
oriented with its tetragonal axis along the [100] and [010]
axes and no material oriented with its tetragonal axis
along the [001] axis.

The peculiar nature of this growth was the impetus
behind the misorientation experiments. A possible explana-
tion for this growth habit is the reconstruction of the GaAs
cation sublattice in the {110} surface into alternating
Zn-like and Sn-like rows extending in the {[001] direction.
This arrangement does not mimic the chalcopyrite structure
(alternating double rows on Zn and Sn atoms for the (021)
surface) and is expected to produce layers with antiphase
boundaries. By misorienting off the {100} surface it may
be possible to produce a surface which better mimics the
chalcopyrite structure and results in improved growth.

Laue photographs of {110}/<00l1> orientation growth
showed no detectable difference from those of nominal
{110} growth. Photographs of {110}/<110> growth, however,
reveal an improved growth habit as illustrated in Figure

3.10. Growth on this orientation revealed a significant
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[001]

[001]c
[o01], [010]

[100]

Figure 3.9 Schematic illustration of the
observed relative orientations
of ZnSnP, grown on {110} GaAs.
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Figure 3.10 Schematic illustration of the
relative orientations of ZnSnpP
grown on {110}GaAs misoriented
2° towards a perpendicular <110>.
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increase in the abundance of material oriented with its
tetragonal axis along the [010] direction and a decrease
of the other relative c-axis orientation. In some layers
grown on this orientation the smaller relative c-axis
orientation was not observed. Variations in the relative
abundance of the two relative orientations may be due to
unintentional misorientation of the substrates during
preparation.

Laue photographs of {100} oriented growth indicate
that all three possible orientations are present as illus-
trated in Figure 3.11. This suggests that the {100} orien-
tation may be the least favored orientation for chalcopyrite-
on-sphalerite systems [5].

The {211lAs and {211}Ga growth revealed the best re-
sults in that only one relative orientation was observed,.
This is illustrated in Figure 3.12 which shows the observed
relative orientation of the tetragonal axis along the [001]
direction for a (112) surface. This habit was observed in
all {211} growth, regardless of morphology, indicating that
this orientation may be the best for high guality epitaxy.
3.4 RESISTIVITY AND HALL MEASUREMENTS

Van der Pauw resistivity and Hall measurements made on
the ZnSnP2 layers show improved electrical characteristics
agssociated with the suppression of antiphase boundaries.

The layers grown on {110} and {110}/<001> substrates were
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Figure 3.11 Schematic illustration of the
relative orientations of ZnSnP2
grown on {100} Gaas.
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[o01] ¢

[oo1],

Figure 3.12 Schematic illustration of the
relative orientation of 2ZnSnP

grown on {211} GaAs. 2
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p-type with carrier concentrations of 3-5x.‘!.0:|'9cm.3 and

calculated mobilities of 15-40cm2/v sec. ZnSnP, layers
grown on {110}/<110> oriented GaAs, which had improved
crystallinity associated with the suppression of a second
relative c~axis orientation, had p-type carrier concentra-

-3 and mobilities of 20—450m2/V sec.

tions of 2-5xlolscm
ZnSnP, grown on {211} oriented GaAs, which had only one
c-axis, had carrier concentrations and mobilities similar

to the {110}/<110> layers.

3.5 COMPOSITIONAL ANALYSIS

To determine the composition of the epitaxial layers,
electron microprobe analysis was performed. All layers
grown on {100}, {110}, and {211} GaAs substrates were deter-
mined to be very nearly stoichiometric ZnSnP,. The analysis
indicated a slight tendency to incorporate Ga into the
layers near the interface with the Ga level being less than
one molar percent. No As was found in any of these layers.
The layers grown on {lll} GaAs substrates, however, were
determined to be alloys of GaP and ZnSnP,.

These layers were approximately 12% GaP for a 570°C
initial growth temperature and primarily GaP for a 630°C
initial growth temperature. The later layers were very
poor in crystal quality. The source of the Ga is presum-
ably etching of the GaAs substrates prior to growth. The
{111} layers typically have rough interfaces indicating

that there is etch-back prior to growth. No As was




-33-

observed in these layers which indicates that the segrega-
tion coefficient for As is very small compared to that
for Ga.
3.6 PHOTOCONDUCTIVITY MEASUREMENTS

To determine the bandgap of the epitaxial ZnsnP,,
photoconductivity measurements were made. Results of some
of these measurements are shown in Figures 3.13 and 3.14.
The values of bandgaps were determined from the data by
differential analysis. Figure 3.13 shows the response
from a {211}Ga layer. This scan reveals a bandgap of
1.39eV associated with the GaAs substrate and a bandgap
of 1.45eV associated with the ZnSnP, epitaxy. The 1.45eV
value is smaller than the 1.66eV value previously reported
[6]. The scan in Figure 3.14 was taken from a {1lll}As
grown layer which was determined to be 12% GaP from micro-
probe analysis (a Laue photograph indicated that this
layer was sphalerite). This scan shows a transition at
1.39eV again associated with the GaAs substrate but also
one at slightly higher energy (=1.40eV) associated with
the layer. This is of interest since it reveals a de-
crease in the bandgap from values of 1l.45eV for ZnSnP2 and
2.24eV for GaP. This is contrary toc the behavior predicted
by the conventional virtual-crystal model which predicts

a monotonic variation in band-gap with alloy composition.
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Such behavior has been observed in metastable alloys
of Ge and GaAs [7) where it is attributed to a phase tran-
sition from sphalerite to diamond phases. An analogous
explanation for the (GaP), (Zn3nP,),_. system seems likely:
a lowering of the bandgap is observed for x=0.06 in con-
junction with a phase transition from chalcopyrite to
sphalerite phases. The {111} growth provides an easy
means for investigating this behavior since the alloy
composition can be varied by changing the initial growth
temperature. Such an investigation may be a subject for
future study. The predicted dependence of bandgap on
alloy composition is suggested in Figure 3.15.
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Figure 3.15 Possible behavior of energy gap
as a function of alloy composition
for (GaP)ZX(ZnSnPZ)l_x alloys.
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4. GaxInj_yP EPITAXY ON GaAs SUBSTRATES

To examine the conclusions of the previous sections we

are examining conditions for the growth of GaxIn P on

l-x
different GaAs substrate orientations.
4.1 GROWTH PROCEDURE

The apparatus used for the liguid phase epitaxial (LPE)
growth of Ga,In,__P consists of a horizontal furnace system
with a conventional sliding boat machined from high purity
graphite. Pd diffused high purity hydrogen flows through
a silica tube. The growth temperature is monitored by a
thermocouple mounted in the furnace near the silica tube.

Semi-insulating Cr doped {100}, {110}, {111}, and {211}
oriented GaAs wafers are prepared for growth by lapping to
remove saw damage and polishing with 1% bromine in methyl
alcohol. These substrates are then cut in 6.3mm x 6.3mm
pieces and degreased by boiling successively in trichloro-
ethylene, acetone, and methyl alcohol. Prior to insertion
of a substrate into the boat, a chemical etch in 1OHZSO4:
1H202:1520 is performed. The melt is prepared by adding
weighted amounts of InP and GaP to 1.2 gms .. In, corres-
ponding to a solution height of 4mm. After the growth
melt and substrate are loaded into the boat the system is
purged with hydrogen to remove oxygen and water vapor.

The source melt is heated for 1 hour at 10°C above

the saturation temperature to ensure that the components
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are completely melted. The melt temperature is then lowered
to the growth temperature. After the furnace temperature

is stabilized, the melt is then brought onto the substrate
and constant temperature is maintained until the desired
growth time is completed. Upon completion of growth, the
melt is wiped off by the slider, and the boat is rapidly
cooled to room temperature. Any residual melt is removed
from the surface with a solution of mercuric chloride in
dimethyl formamide.

A number of studies of the In-Ga-P ternary phase dia-
gram have been reported in the literature (1-9]. The
initial liquidus compositions used for our growth experi-
ments were obtained from Stringfellow et al. [5], Ohta
et al. [6], Lewis [7], and Hitchens et al. [10]. LPE growth
of Ga,In,_ P on {100}, {110}, and {111}As GaAs substrates
was performed using the step cooling method described in
these papers with little success. In all grown layers sub-
strate surfaces were etched back and melt inclusions were
observed as shown in Figure 4.1. The surfaces were usually
rough and heavily covered with melt. Because of this, an
additional layer was usually grown from the melt left on
the surface when the boat was rapidly cooled to room
temperature.

In an attempt to obtain lattice matched growth and

improved morphology, the published melt compositions were
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Figure 4.1 Typical layer grown with published
liquidus data shows substrate etch-
back and melt inclusions.
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adjusted by trial and error at the same growth temperature
as above. In this manner, we were able to grow some layers
with flat interface but rough surfaces. However, these
results were not reproducible. This failure to obtain good
lattice matched growth by the step cooling method using
published liquidus data is probably due to kinetic effects
which vary from one LPE reactor to another. Thus, it was
necessary to determine liquidus data for our reactor by the
following growth technique. First it is known [11l] that
the free energy of pure InP is always higher than the solid
alloy which is in equilibrium with an In-Ga-P melt, while

a GaP substrate is stable, When a mixture of In-InP-GaP

is heated to a high temperature, the InP crystal dissolves
in the In-solution completely [4,11] and automatically
determines the solubility of GaP. We can, therefore, easily
control the equilibrium composition of the liquid solution
by adding a weighted amount of InP and an excess amount of
GaP. The quantity of InP added to 1.2 g of In metal was
varied, so that the melt would be properly supersaturated
to suppress melt back of the substrate surface and yield
lattice-matched growth. For convenience, a cooling rate

of 0.5°C/min was used during the growth period. Constant
temperature growth can be performed once the liquidus data
and the degree of supersaturation needed for growth are

known.
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4.2 ORIENTATION DEPENDENCE

Using this procedure lattice matched Ga In,_ _P was
easily grown on {1lll}As and {110} GaAs substrates. Table 4.1
shows liquidus and solidus data for GaxInl_xP layers grown
on {110} GaAs substrates. Cross sections of layers grown on
{110} substrates were typically characterized by a rough
surface and a flat interface, as shown in Figure 4.2. X-ray
diffraction measurements were employed to analyze the compo-
sition of the grown materials by using a double crystal
diffractometer aligned for the GaAs 333 reflection with
Cu Ko radiation. X-ray analysis of {110} oriented samples
showed a single broadened GaAs peak as shown in Figure 4.3.
The full widths at half maximum (FWHM) peak widths ranged
from 82 to 95 seconds, indicating that all of these layers
lattice-matched the GaAs substrétes with relative ease.

Table 4.2 shows liquidus and solidus data for layers
grown on {lll}As substrates. Cross sections of samples
grown on {11l1l}As substrates were characterized by a relative-
ly smooth surface and a flat interface, as shown in Figure
4,4, The typical layer thicknesses were 1 to 3 um.
The substrate surface suffered no meltback and no source
melt was left on the surface. Some pitting of the GaAs sur-
face, however, was observed. This is apparently due to an
interaction of the surface with phosphorus lost from the

melt [l12]. To circumvent this problem, the GaAs substrate
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Figure 4.2 Typical layer grown on

{110} GaAs substrate.




RELATIVE INTENSITY
(ARBITRARY UNITS)

GalnP
5.6532R
X=0.52
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GaAs
5.6532A

FWHM 95°

Figure 4.3 X-ray scan of {110} sample.
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(a) surface

(b) interface

Figure 4.4 Typical layer grown on {111} As
GaAs without substrate protection
during melt homogenization period.
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was protected by another GaAs wafer during the melt equili-
bration period. The experimental results with this pro-
cedure indicate the epitaxiai layers grown on {1l1ll}As
substrate without phosphorus contamination have much improved

surfaces and flat interfaces as shown in Figure 4.5.

Double crystal x-ray analysis of {1lll}As oriented
samples shows three different peaks. One such scan is shown
in Figure 4.6. The sharpest peak is assumed to be due to
the GaAs substrate with a lattice constant of 5.6532A. The
lattice constants calculated for the other peaks are 5.6551A
and 5.6798& which correspond to GaP fractions of x=0.51
and x=0.45 and energy gaps of Eg=l.90 and 1.82 eV. The
FWHM of these peaks are much larger than those observed
for the lattice-matched {110} samples.

We are currently investigating conditions for the growth
of lattice-matched Ga In,_ _P on {211} GaAs substrates. A
comparison of the results obtained on {110} and {111}As
substrates, however, reveal some interesting features. When
these two orientations are grown with the same melt compo-
sitions and temperatures, the solid compositions are differ-
ent. Whether this difference in effective segregation
coefficients is due to an orientation or growth rate effect
is not known at the present time. As can be seen in
Figures 4.2 and 4.4 the {110} growth rate is greater than

that for the {1l1ll}As layers. 1In fact the rough surfaces
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(a) Nomarski interference photograph
of surface

(b) interface

Fiqure 4.5 Layer grown on {111} As GaAs where
substrate is protected during melt
homogenization period.
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5.67984% X=0.51
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Figure 4.6 Double crystal x-ray analysis of
{111} As sample.
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observed for the {110} layers are probably the result of
a growth rate which is too fast.

Another salient feature is that, for conditions which
produce well-matched {110} layers, the {1l11}As layers appear
to be two-phase solid solutions. This is indicated by the
two layer peaks in Figure 4.6 and the FWHM of the {110}
and {1lll}As peaks are consistent with this conclusion. That
is, the much larger FWHM for the {111}As peaks indicate sub-
stantial lattice strain in the {111}as layers. A conclusion
which can be made from these preliminary results is that
growth of Ga,In; P on {1lll}As GaAs substrates is less stable
than growth on {110} substrates.
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